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CHAPTER 1 INTRODUCTION 
1.1 Acetyl-CoA 
Acetyl-CoA is an important intermediate in plant cell metabolism. In mitochondria, it 
can condense with oxaloacetate (OAA) to form citrate. The oxidation of acetyl-CoA via the 
tricarboxylic acid (TCA) cycle is a major source of chemical energy (Liedvogel, 1986). 
Alternatively, acetyl-CoA can serve as the precursor of a large number of phytochemicals 
(Borejza-Wysochi & Hrazdina, 1996; Conn, 1981; Goodwin & Mercer, 1988; Junghanns et 
al., 1995; Ohlrogge et al., 1979; Roughan & Slack, 1982; Givan, 1983). These 
phytochemicals are synthesized in at least two subcellular compartments: plastids and 
cytosol. In plastids, acetyl-CoA is converted to malonyl-CoA, via the action of an acetyl-
CoA carboxylase (ACCase) isozyme (Choi et al., 1995; Ke et al., 1997; Shorrosh et al., 
1995; 1996), and the 2 carbon unit is committed to the biosynthesis of 16- and 18-carbon 
fatty acids (Ohlrogge et al., 1993; Stumpf, 1987). In the cytosol, the condensation of three 
molecules of acetyl-CoA leads to the formation of ~-hydroxy-~-methylgutaryl coenzyme A 
(HMG-CoA) and then isopentenylpyrophosphate (IPP), which is the starting point for the 
biosynthesis of isoprenoid compounds (Liedvogel 1986). The biosynthesis of flavonoid and 
stilbenoids are derived from acetyl-CoA carboxylation pathway in the cytosol (Hrazdina et 
al,. 1978; Schroder & Schroder, 1990). 
1.2 Biogenesis of acetyl-CoA in plants 
The pathways that have acetyl-CoA as a precursor are spatially and temporally 
compartmentalized. Because bounding membranes of organelles are impermeable to acetyl-
2 
CoA (Liedvogel & Stumpf, 1982; Kohlhaw & Tan-Wilson, 1977; Patel & Clark, 1980), 
plants must have mechanisms to generate acetyl-CoA in each subcellular compartment where 
it is required. Therefore there are at least three subcellular compartments to generate acetyl-
CoA and they are mitochondria, plastids and cytosol (Fig. 1). 
1.2.1 Generation of acetyl-CoA in mitochondria 
In the mitochondria, a pyruvate dehydrogenase (PDH) catalyzes oxidative 
decarboxylation of pyruvate to form acetyl-CoA (Williams & Randall, 1979). The PDH 
complex is composed of three enzymes: pyruvate dehydrogenase (decarboxylating), 
dihydrolipoyl transacetylase, and dihydrolipoyl dehydrogenase (Hoppe et al., 1993; Williams 
& Randall, 1979). The PDH complex catalyzes five sequential reactions, with the overall 
stoichiometry: 
Pyruvate + CoA + NAD+ ----> Acetyl-CoA + CO2 + NADH 
Acetyl-CoA is further converted to citrate via a citrate synthase catalyzed condensation with 
OAA. The acetyl unit can thereby undergo oxidation via the TCA cycle in mitochondrial 
matrix and provide chemical energy. Alternatively, acetyl group may be transported to 
cytosol or plastids to serve as a substrate for the biosynthesis of fatty acids, isoprenoids, 
flavonoids, stilbenoids, etc (Choi et al., 1995; Hrazdina et al., 1978; Ke et al., 1997; 
Ohlrogge et al., 1993; Schroder & Schroder, 1990; Shorrosh et al., 1995; 1996; Stumpf, 
1987). 
1.2.2 Formation of acetyl-CoA in plastids 
1.2.2.1 Pyruvate dehydrogenase (PDH) and plastidic acetyl-CoA 
In animals and fungi, PDH has been localized in the mitochondria (Reed, 1974). 
Higher plants contain a typical PDH located within the mitochondria (Randall et al., 1977; 

Figure 1. Potential acetyl-CoA generating systems in plants. Three acetyl-CoA 
pools are envisioned. The enzymes involved are: mitochondrial pyruvate 
dehydrogenase (mtPDH), acetyl-CoA hydrolase (ACH), pyruvate decarboxylase (PDC), 
mitochondrial aldehyde dehydrogenase (mtALDH), cytosol aldehyde dehydrogenase 
(ctALDH), acetylcarnitine transferase (ACT), plastidic pyruvate dehydrogenase (ptPDH), 
malic enzyme (MD), and cytosolic ATP-citrate lyase (ctACL). 
plastidic = pt; mitochondrion = mt; cytosol = ct. 
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Reid et al., 1977; Rubin & Randall, 1977). Additionally, a second subcellular location of 
PDH, unique to plant cells, is within the plastids (Murphy & Stumpf, 1981; Reid et al., 1975; 
Reid et al., 1977; Elias & Givan, 1979; Nakamura & Yamada, 1975a; 1975b; Yamada & 
Nakamura, 1975). Plastidic PDH activity has been demonstrated in both green (Elias & 
Givan, 1979; Williams & Randall, 1979; Hoppe et al., 1993; Heintze et al., 1990; Rapp & 
Randall, 1980) and nongreen (Reid et al., 1977) plant tissues. Therefore it is suggested that 
plastidic pyruvate maybe the source of plastidic acetyl-CoA (Hoppe et al., 1993; Heintze et 
al., 1990; Denyer & Smith, 1988; Randall et al., 1989). Plastidic pyruvate may have at least 
two sources. Plastids from many sources posses the entire glycolytic sequence of enzymes 
and so may produce their own pyruvate from photosynthetically derived 3-phosphoglycerate 
(Miemyk & Dennis, 1982; 1983; Kleinig & Liedvogel, 1980; Liedvogel & Kleinig, 1980; 
Grumbach & Porn, 1980; Simcox et al., 1977). When demand for acetyl groups is high, 
pyruvate generated by respective cytosolic enzymes may be transported into plastids by free 
diffusion (Schulze-Slebert et al. 1984), or by a specific translocation in the envelope 
membrane (Proudlove & Thurman, 1981). 
1.2.2.2 Acetate activation by acetyl-CoA synthetase (ACS) 
Ever since it was reported in early sixties that 14C-labelled acetate can be incorporated 
into fatty acids by isolated chloroplasts (Smimov, 1960), acetate has been reported many 
times as the best substrate for fatty acid biosynthesis in isolated plastids (Murphy & Stumpf, 
1981; Jutta & Heise, 1989; Roughan et al., 1993; Roughan et al., 1979; Murphy & Walker, 
1982). A prerequisite for the successful incorporation of acetate into fatty acids is the 
presence of an acetyl-CoA synthetase (ACS). ACS catalyzes the following reaction: 
6 
Mg2+ 
Acetate+ ATP+ CoA ------> Acetyl-CoA +AMP+ PPi 
The presence of this enzyme and the rapid conversion of acetate to acetyl-CoA by its action 
in plant tissues was first described in 1954 (Millerd & Bonner, 1954). Also, it was shown that 
this enzyme is solely located in chloroplast stroma (Kuhn et al., 1981). These observations 
have led to the hypothesis that plastidic acetyl-CoA can be generated by activation of acetate 
via the action of ACS. The acetyl-CoA produced via acetate activation may serve as one 
precursor source for de novo biosynthesis of fatty acids in plastids. 
There are several possible sources for free acetate. Since a mitochondrial acetyl-CoA 
hydrolase (ACH) was found in the early 1980s (Murphy & Stumpf, 1981), it has been 
suggested that acetate may be generated by this enzyme, which hydrolyzes mitochondrial 
acetyl-CoA generated by PDH. The free acetate can diffuse into chloroplast stroma where it 
is converted to acetyl-CoA by ACS. An alternative source of acetate has been proposed via 
the combined actions of pyruvate decarboxylase and acetaldehyde dehydrogenase (Camp & 
Khulemeier, 1997; Cui et al., 1996; Tadege & Kuhlemeier 1997). 
1.2.2.3 Generation of acetyl-CoA by other enzymes 
In addition to PDH and ACS, three other mechanisms are suggested for intraplastidic 
acetyl-CoA formation. Acetylcamitine has been suggested as a source of plastidic acetyl-
CoA imported via camitine acetyltransferase (CAT) (Thoms & Wood, 1982; McLaren et al., 
1985; Masterson et al., 1990a; 1990b). However, some researchers have found that 
acetylcamitine is not a major precursor for fatty acid synthesis in plants (Roughan et al., 
1993). In non-phytosynthetic tissue, malic enzyme can convert malate to pyruvate that is the 
precursor of acetyl-CoA destined for fatty acid biosynthesis (Smith et al., 1992). 
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Another possibility is that plastids have ATP citrate lyase (ACL), which can catalyze 
ATP- and CoA-dependent cleavage of citrate to form acetyl-CoA and oxaloacetate. Since 
1970, there have been a number of reports of the presence of ACL activity in plant extracts 
(Kaethner & ap Rees, 1985; Rangasamy & Ratledge, 2000; Fritsch & Beevers, 1979; 
Ratledge et al., 1997; Nelson & Rinne, 1975; Matto & Modi, 1970; Takeuchi et al., 1981). 
Some suggested ACL to be plastidic (Rangasamy & Ratledge, 2000; Fritsch & Beevers, 
1979; Ratledge et al. 1997). 
1.2.3 Formation of acetyl-CoA in cytosol 
Acetyl-CoA plays a key role in the biosynthesis of many isoprenoid compounds. 
Because of its impermeability through membranes, it has to be formed within the cytosol. 
Since PDH complex is confined to organelles (Rapp & Randall, 1980; Nishimura & Beevers, 
1979; Wiskich, 1980), a direct supply of acetyl-CoA from cytosolic glycolysis is unlikely. 
Acetate activation for providing cytosolic acetyl-CoA is not possible either, because ACS 
activity is restricted to the plastids (Kuhn et al., 1981). It was found that radioactivity from 
14C-citrate can be incorporated into a lipid fraction by soybean cotyledons (Nelson & Rinne, 
1977). The close correlation of ACL with cytosolic marker in pea leaves was also reported 
(Kaethner & ap Rees, 1985). So it is suggested that citrate should be able to leave 
mitochondria via an unclear mechanism, and ACL may be responsible for the cytololic 
formation of acetyl-CoA by catalyzing the cleavage of cytosolic citrate. 
1.3 ATP citrate lyase 
ATP citrate lyase (ACL) catalyzes ATP-dependent cleavage of citrate to form acetyl-
CoA and oxaloacetate (Komacker & Ball, 1965). This enzyme was first discovered in pigeon 
liver (Srere & Lipman, 1953), and it has been found to be widely distributed in animal tissues 
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(Inoue et al., 1966; Hoffmann et al., 1980; Benjamin et al., 1994; Elshourbagy et al., 1990; 
--- 1992); some plants (Fritsch & -Beevers~ 1979; Nelson & Rinne, 191-.s-;-Mattoo & Modi, 1970; - - -- -
Kaethner & ap Rees, 1985) and in some oleaginous yeast (Guerritore & Hanozet, 1970; 
Botham & Ratledge, 1979; 1980; 1981a; 1981b; 1983; Shashi et al., 1990), and fungi 
(Attwood, 1973; Mahlen, 1973; Adams et al, 1997; Nowrousian et al., 1999; 2000). 
1.3.1 ATP citrate lyase in animals 
In animals, ACL functions as a lipogenic enzyme. The activity of ACL is closely 
linked to the onset of lipogenesis in rats and humans (lritani et al., 1993; Elshourbagy et al., 
1990; 1992). ACL plays an important role in supporting acetyl-CoA formation in the cytosol 
for both fatty acid and sterol biosynthesis (Gibson et al., 1972; Sul et al., 1984). Citrate 
generated in mitochondria is exported into cytosol via a tricarboxylate transporter (Evans et 
al., 1983) and is cleaved by ACL, providing acetyl-CoA (Ratledge et al., 1997). 
The animal ACL is composed of four subunits, each of 110-kDa, which is encoded by 
a single gene (Singh et al., 1976; Elshourbagy et al., 1990; 1992). ACL has so far been 
cloned and sequenced only from rat and human (Elshourbagy et al., 1990; 1992; Fukuda et 
al., 1997; Kirn et al., 1994; Moon et al., 1996; Park et al., 1997; Iritani et al., 1993), which 
share at least 95% identity at the nucleotide level. The sequences of 5' flanking region of the 
ACL gene are highly conserved in rat and human, suggesting that the transcription of these 
genes is regulated in the same manner in these species (Kirn et al., 1994; Park et al., 1997). 
Animal ACL is a highly regulated enzyme, modulated by combined transcriptional 
and post-translational mechanisms. ACL activity is regulated by changes in the enzyme's 
concentration, which occurs in response to hormonal stimuli and in response to diet regimen 
(Gibson et al., 1972; Sul et al., 1984). These effects are due to changes in rnRNA 
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accumulation. ACL gene expression and protein content are increased at transcriptional level 
by carbohydrate intake and insulin, and decreased by starvation and polyunsaturated fatty 
acid (Fukuda & Iritani, 1999; Towle et al., 1997; Elshourbagy et al., 1990). There are insulin-
responsive regions at 5' flanking regions of both rat and human ACL genes, which share 
sequence similarities to insulin-responsive regions of fatty acid synthase and acetyl-CoA 
carboxylase (Fukuda et al., 1996). This implies cooperative roles of these enzymes in 
biosynthesis of fatty acids. ACL activity can also be altered by reversible phosphorylation in 
response to insulin and glucagon (Potapova et al., 2000; Alexander et al., 1981; 1982; Linn & 
Srere, 1979). Three regulatory phosphorylation sites in ACL have been identified 
(Ramakrishna et al., 1990), which are distinct from the catalytic autophosphorylation site. It 
has been demonstrated that human ACL activity is regulated in vitro covalently by 
phosphorylation as well as allosterically by phosphorylated sugars (Potapova et al., 2000). 
1.3.2 ATP citrate lyase in oleaginous yeast and fungi 
ACL has been studied in oleaginous yeast (Boulton & Ratledge, 1979; 1980; 1981a; 
1981b; 1983; Guerritore & Hanozet, 1970; Shashi et at., 1990) and fungi (Adams et al., 1997; 
Attwood, 1973; Mahlen, 1973; Nowrousian et al., 1999; 2000). It has been suggested that the 
presence or absence of this enzyme determines whether these two micro-organisms are 
oleaginous or not. Studies on the biochemistry of microbial oleaginicity showed correlation 
of lipid accumulation with possession of ACL (Boulton & Ratledge, 1981a). The ACL in 
these micro-organisms is a cytosolic enzyme that catalyzes the formation of acetyl-CoA from 
citrate. The acetyl-CoA produced is mainly used for biosynthesis of fatty acids and sterols 
(Nowrousian et al., 1999). 
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ACL has been purified from oleaginous yeast. Characteristic studies showed that the 
enzyme was inhibited by long chain fatty acids ( Boulton & Ratledge, 1983; Shashi et al., 
1990). This phenomenon may be of regulatory significance in controlling triacylglycerol 
biosynthesis in oleaginous yeast. 
In filamentous fungi, ACL consists of two different subunits (Adams et al., 1997; 
Mahlen, 1973; Nowrousian et al., 2000), encoded by different genes. The derived 
polypeptides display significant homology to the N- and C-terminal parts of animal ACL 
polypeptides respectively (Nowrousian et al., 1999; 2000). The human and rat ACLs contain 
three regulatory phosphorylation sites (Pierce et al., 1981; Ramakrishna, et al., 1990), and 
enzymatic activity is influenced by phosphorylation of these sites (Pentyala et al., 1995). 
There are no sequences homologous to these three sites in filamentous fungi (Nowrousian et 
al., 1999; 2000), indicating that regulation of ACL expression by phosphorylation seems not 
to be conserved among these organisms. 
1.3.3 ATP citrate lyase in plants 
Since 1975 (Nelson & Rinne, 1975), there have been a discrete number of reports of 
the presence of ACL activity in plant extracts. It was reported that ACL occurs in plastids of 
germinating castor bean endosperm (Fritsch & Beevers, 1979), and developing Brassica 
napus seeds (Ratledge et al., 1997). On the other hand, ACL was found to be located in the 
cytosol of pea leaves (Kaethner & ap Rees, 1985), parallel to the location of this enzyme in 
animals, oleaginous yeast and fungi. It was also found that in rape and spinach, the majority 
of ACL activity was located in the plastids. In pea and tabacco, ACL was predominantly in 
the cytosol (Rangasamy & Ratledge, 2000). The cytosolic nature of pea ACL is consistent 
with the previous report of Kaethner and ap Rees (Kaethner & ap Rees, 1985). 
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Two Arabidopsis cDNA clones have been identified, which share high sequence 
identity to the rat and human ACLs (Wurtele et al., 1998; Ke, 1997). There are five 
Arabidopsis ACL genes, and they are ACL-Al, ACL-A2, ACL-A3, ACL-Bl and ACL-B2 
(Fig. 2). The predicted polypeptides, ACL-A (423 residues) and ACL-B (609 residues), are 
about 50% identical with the N- and C-terminal of animal ACL polypeptide respectively, and 
contain no apparent targeting sequence (Fatland et al., 2000). In situ hybridization and 
Northern blot analyses indicate that ACL-A and ACL-B mRNAs co-accumulate with 
cytosolic acetyl-CoA carboxylase (ACCase) (Ke et al., 2000). This indicated that ACL may 
generate the cytosolic pool of acetyl-CoA, the substrate for the cytosolic ACCase, for the 
biosynthesis of malonyl-CoA. 
1.4 Thesis organization 
The thesis is composed of five chapters: introduction, materials, methods, results and 
discussion, and conclusions. The introduction is an overview of the biogenesis of acetyl-CoA 
and different sources of ATP citrate lyase. The introduction is followed by the materials and 
methods adopted in the experiments. The results and discussion present the thesis goal and 
data, after which is the conclusions. 
Ch.I 
3.5 Mbp 
ACL-Al 
3.0Mbp 
CL-A3 
21.6 Mbp 
CL-A2 
Ch.2 
30.lMbp 20Mbp 
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Ch. 3 
2.1 Mbp 
ACL-Bl 
Ch. 4 
24Mbp 17.8Mbp 
Ch. 5 
20.2Mbp 
ACL-B2 
27.lMbp 
Figure 2. Distribution of five ACL genes in the Arabidopsis genomes. ACL-Al, 
ACL-A2 andACL-A3 occur on chromosome 1; ACL-Bl occurs on chromosome 3; 
ACL-B2 occurs on chromosome 5. 
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CHAPTER 2 MATERIALS 
2.1 Plant materials 
Seeds of Arabidopsis thaliana, ecotypes Columbia and WS, were obtained from the 
Arabidopsis Biological Resource Center, Columbus, OH. Arabidopsis seeds were germinated 
in sterile soil or on MS agar media in Petri dishes. Plants were grown in a growth room 
maintained at 22°C under continuous illumination with 42W Sylvania cold-white fluorescent 
bulbs. The white light irradiation was at 150 µ mol.m-2.s-1. 
2.2 Yeast materials 
Schizosaccharomyces pombe KGY554 and KGY425 (HIS3- LEUJ- URA4- ADE6-) 
were obtained from American Type Culture Collection, Manassas, VA. S.pombe were grown 
at 30 °C in YEC medium (http://www.bio.uva.nl/pombe/handbook) or EMM2 medium 
(http://www.bio.uva.nl/pombe/handbook) supplied with appropriate amino acids. 
Saccharomyces cerevisiae aD273 ( URA3- LEu2- HIS3-) was a gift from Dr. Alan Myers 
(Iowa State University). S. cerevisiae was grown at 30 °C in YPD medium 
(http://www.qbiogene.com) or SC medium (http://www.qbiogene.com) supplied with 
appropriate amino acids. 
2.3 Reagents 
Restriction enzymes and DNA-modifying enzymes were purchased from Promega, 
Madison, WI, or Gibco BRL, Grand Island, NY. The radioisotopes were from ICN 
Biomedicals, Costa Mesa, CA. The plasmid vectors pBluescript, pETl 7b and pET30a were 
from Strategene, Menasha, WI, and Novagen, Madison, WI, respectively. Nitrocellulose 
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membranes were from BioRad, Hercules, CA. All other reagents and biochemicals were 
from Sigma Scientific, St. Louis, MO, Fisher Scientific, Pittsburgh, PA, or Becton 
Dickinson, Sparks, MD. The yeast expression vectors pYX042 and pYX012 (Novagen, 
Madison, WI) were kindly provided by Dr. Alan Myers. 
2.4 Primers 
Name Sequence Description 
LC1175 5'-GACAT ATGGCAACGGGACAGCTT-3' These two primers were 
used to amplify partial 
ACLB-T7-D 5'-GACATGCCTTCGTAGATCC-3' At.ACL-B2 cDNA 
ura4-AflII 5'-CCGCTTAAGCAGAGCAGATTGTAC-3' These two primers were 
used to amplify S.pombe 
ura4-Pstl 5'-GAGCTGCAGACGCATCTGTGCGG-3' URA4 gene for disrupting 
Sp.ACL-A gene 
SPACLA-EcoRI 5'-GGCTGAATTCGCCT ATTGGTT-3' These two primers were 
used to amplify partial 
29500.pombe 5'-GCCCTCGAGCTCCACTGTACTAGTAG-3' Sp.ACL-A cDNA 
SPACLB-EcoRI 5'-CGCGAATTCGTCGCCAAOAAT-3' These two primers were 
used to amplify full length 
T7-1 5'-AATACGACTCACTATAG-3' Sp.ACL-B cDNA 
F14J9-FW 5'-AGGAAAGTGTGCTTTGAGTGTGTTGTAAG-3' These two primers 
together with JL202 
F14J9-RV 5'-TTAAAAGATGTTGCTTCTTCTGCATTTTC-3' were used to screen 
T-DNA tagged At. 
ACL-Al gene 
F8A5-FW 5'-ACCCCTTTTTGAGTTTTTGATTAAAGGAT-3' These two primers 
together with JL202 
F8A5-RV 5'-TGGATAGAAAAATGAAAAACAAAATCGAA-3' were used to identity 
T-DNA tagged At. 
ACL-A2 alleles. 
K7J8-FW 5'-ACAAGTCACAAAACAAAAAGTCCGTAAGA-3' These two primers 
together with JL202 
K7J8-RV 5'-GACGCATCTATATCCATAAACAGAGGAGA-3' were used to identify 
T-DNA tagged At. 
ACL-B2 alleles. 
JL202 5'-CATTTTATAATAACGCTGCGGACATCTAC-3' Left border of T-DNA 
15 
CHAPTER 3 METHODS 
3.1 Isolation and manipulation of DNA 
Arabidopsis genomic DNA was prepared from plant tissues as described in the manual 
provided by University of Wisconsin-Biotechnology Center (http://www.biotech.wisc.edu). 
Yeast genomic DNA was isolated as described by Levin (1990). Isolation of plasmid DNA, 
and digestion and ligation of the isolated DNA was carried out as described in Qiagen or 
Promega manuals. Transformation of Escherichia coli with plasmids was as described by 
Sambrook and Russel (2001). Transformation of Saccharomyces cerevisiae with plasmids 
was as described by Schiestl (1993). DNA sequencing was carried out at DNA Facility, Iowa 
State University. 
3.2 Protein extracts from Arabidopsis 
Arabidopsis seedling tissue (0. lg) was frozen with liquid N2 and homogenized with 
an "Eppendorf pestle" in 1.5 ml microcentrifuge tube. The resulting powder was 
homogenized at 4 °C with 0.3 ml of extraction buffer (50 mM Tris-HCl, pH 7.0, 1 mM 
EDTA, 10 mM ~-mercaptoethanol, 20% glycerol) using the "Eppendorf pestle". The mixture 
was immediately centrifuged at 13,200 g for 15 min at 4 °C. The supernatant was recovered 
and frozen in liquid N2• 
3.3 Expression of Arabidopsis A CL polypeptides in E. coli 
The coding sequences of the isolated full-length cDNAs of At.ACL-Al and At.ACL-
B2 were subcloned in frame with the pET30a and pETl 7b expression vectors, respectively. 
The resulting recombinant plasmid was introduced into E. coli BL21(DE3) strain. 
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Transformed E.coli strains were grown overnight at 37 °C in 1 ml LB medium containing 
ampicillin for the pET 17 derivative or kanamycin for the pET30 derivative. The overnight 
culture was added to 100 ml of fresh LB medium supplemented with the appropriate 
antibiotics. After four hours of growth, expression of protein was induced by the addition of 
isopropylthio-~-galactoside (IPTG) to a final concentration of 0.4 mM. Four hours after 
induction with IPTG, cells were collected by centrifugation at 5, 000 g for 10 min. The 
resulting pellet was resuspended in 2 ml of extraction buffer (50 mM Tris-HCI, pH 7.0, 1 
mM EDTA, 2% SDS), and boiled for 10 min. The mixture was centrifuged at 13,200 g for 10 
min. The supernatant was collected and stored at liquid N2• 
3.4 Expression of Arabidopsis A CL polypeptides in Saccharomyces cerevisiae 
The isolated full length cDNAs of At.ACL-Al and At.ACL-B2 were subcloned into 
yeast expression vectors pYX042, pYX012, respectively. These vectors contain the TPI 
promoter, and are integrative plasmids and carry the LEU2 and URA] marker genes, 
respectively. The resulting recombinant plasmid was introduced into S. cerevisiae aD273, 
which has the genotype of URA3- LEu2- HIS3-. SC plates supplied with appropriate amino 
acids were used to select transformed S. cerevisiae. The S. cerevisiae containing recombinant 
plasmid was grown overnight at 30 °C in 5 ml YPD medium. The overnight culture was 
added to 100 ml of fresh YPD medium, and 8 hours later, cells were collected by 
centrufugation at 5,000 g for 5 min. The resulting pellet was resuspended in 500 µl of 
extraction buffer (50 mM Tris-HCl, pH 7 .0, 1 mM EDTA, 2% SDS), and boiled for 10 min. 
The mixture was centrifuged at 13,2000 g for 10 min. The supernatant was collected. 
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3.5 Immunological methods 
Antibodies were generated by immunizing a New Zealand white female rabbit with 
1.0 mg of recombinantly produced protein purified by preparative SDS-PAGE (Sambrook & 
Russel, 2001). Purified protein was emulsified in Freund's Complete Adjuvant and injected 
intradermally at multiple sites on the back of the rabbit. One month later and at 2-week 
intervals thereafter, 0.5 mg of protein emulsified in Freund's Incomplete Adjuvant was 
administered by intramuscular injection. One week after each of these latter injections, 3 to 5 
ml of blood was collected from the ear of the rabbit. One week after the fourth injection, the 
blood was collected by heart puncture. The blood was allowed to coagulated on ice for 1 
hour, and the serum was collected after centrifugation at 4,000 g for 10 min. Sodium azide 
was added to the serum to final concentration of 0.02% and it was stored in small aliquots at 
-20°C. 
Immunological blots were carried out following SDS-PAGE (Laemmli, 1970). 
Proteins were electrophoretically transferred to a nitrocellulose membrane (Towbin et al., 
1979) and immunologically detected with specific antiserum diluted 1:500, followed by an 
incubation with 125I-protein A. 
3.6 Southern blot analysis 
DNA was separated by electrophoresis in 1 % agarose gels and transferred by 
capillary action (Southern, 1975), to nitrocellulose membrane, using 20 mM sodium 
phosphate buffer (pH 6.5). After fixation of the transferred DNA to the membrane by baking 
in a vacuum oven at 90 °C for 2 hours, the membrane was pre-hybridized at 65 °C for 16 
hours in 10 ml of a solution composed of 0.75 M NaCl, 50 mM Tris-HCl, pH 8.0, 10% (w/v) 
dextran sulfate, lx Denhardt's solution (50x Denhardt's solution = 1 g Ficoll, 1 g 
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polyvinylpyrrolidone, and 1 g BSA in 100 ml dH20), 0.2% (w/v) SDS, 10 mM EDTA, 100 
µg/ml sheared salmon sperm DNA. Subsequently, 32P-labeled DNA probe was added to the 
solution at a final concentration of 5 ng / ml, and the blot was hybridized at 65 °C for 16 
hours. After hybridization, the membrane was washed three times with 2x SSC (lx SSC = 
150 mM NaCl, 15 mM sodium citrate, pH 7.0), 0.5% SDS, for 5 min at room temperature, 
followed by a 30 min wash with 0.25x SSC, 0.2% SDS at 65 °C. Autoradiography was 
performed utilizing Kodak intensifying screens. 
32P-labeled DNA probe was generated in vitro by random-primer supported synthesis 
of DNA with the Klenow fragment of DNA polymerase I, in the presence of a-32P-dCTP 
(Feinberg et al., 1983). 
3.7 ACL activity assay 
A spectrophotometric assay initially developed for characterization of the animal 
ACL (Takeda et at., 1969) was used for assaying Arabidopsis ACL enzymatic activity. This 
assay couples the rate of appearance of oxaloacetate production to the oxidation of NADH, 
with the enzyme malate dehydrogenase, resulting in a measurable change in absorbance at 
340 nm. 
3.8 Histochemical GUS assays 
Histochemical assay of GUS activity was conducted as described by Jefferson (1987) 
with a minor modification. Different parts of GUS transgenic Arabidopsis plants were 
incubated in 5-bromo-4-chloro-3-indoyl-f3-D- glucuronide (X-gluc) solution ( 2 mM X-gluc 
in 100 mM Tris-66 mM NaCl buffer, pH 7 .0, 0.2 mM K3[Fe(CN)6], 0.2 mM K4 [Fe(CN)6], 
0.5% Triton X-100, 10 mM EDTA). The solution was vacuum infiltrated into the tissue for 5 
min. The tissues were then incubated at 37°C in the dark overnight. To improve the contrast, 
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the stained plants were cleared in 70% (v/v).ethanol until the chlorophyll was cleared from 
the tissues. The stained tissues were examined under bright-field microscopy, using an 
Olympus BH2 microscope. 
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CHAPTER 4 RESULTS AND DISCUSSION 
4.1 Co-expression of At.ACL-A and At.ACL-B in E.coli 
The full length Arabidopsis ACL-Al and partial ACL-B2 cDNAs had previously been 
expressed in E.coli, using the pET30a expression vector. The expressed proteins had been 
purified and used to immunize rabbits, and the antisera were available. A 55 kDa polypeptide 
was identified in the cultures of E. coli BL21(DE3) expressing the ACL-Al full length cDNA 
(Fig. 3B). This protein was detectable by staining the SDS-PAGE gels with Coomassie 
Brilliant Blue and it was confirmed to be ACL-A by immunological western blot analysis. To 
express the full length ACL-B2 cDNA in E. coli, the cDNA was subcloned into the 
expression vector pETl 7b (Fig. 4 ). The recombinant plasmid was introduced into E. coli 
BL2l(DE3). Cultures of E. coli BL21(DE3) containing this construct were induced with 
IPTG and extracts were analyzed by SDS-PAGE and by immunological western blotting. A 
52 kDa protein was detected in Coomassie Brilliant Blue-stained gels (Fig. 3C), and this was 
confirmed to be ACL-B by Western blot analysis. 
To demonstrate that At.ACL-A and At.ACL-B constitute subunits of ATP citrate 
lyase, ACL-Al andACL-B2 cDNAs were co-expressed in E.coli BL21(DE3). SDS-PAGE 
analysis of the extracts from E. coli BL21(DE3) harboring ACL-Al and ACL-B2 identified 
the 55 kDa and 52 kDa proteins (Fig. 3D), which were not present in control cultures (Fig. 
3A). Western analysis of such gels with anti-At.ACL-A serum identified the 55 kDa ACL-A 
polypeptide in extracts from E. coli strains expressing ACL-Al, ACL-Al +ACL-B2 
respectively (Fig. SA). Parallel analysis with anti-At.ACL-B serum detected the 55 kDa 
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ACL-A polypeptide from the cultures expressing ACL-Al, and a 52 kDa polypeptide from 
cultures expressing ACL-B2, and both of these proteins were detected in cultures expressing 
both ACL-Al and ACL-B2 (Fig. SB). The reason that anti-ACL-B serum can detect the 
expressed ACL-A protein is due to the fact that the pET30a expression vector that was used 
to express the partial ACL-B2 cDNA fused the His-tag and S-tag to the ACL-B2 sequence. 
This expressed protein was used to immunize the rabbit. Thus, the anti-ACL-B serum can 
detect any fusion proteins containing S-tag and His-tag, which is the case for the ACL-Al 
expressed protein shown in Fig. SB. Therefore, these results demonstrate that Arabidopsis 
ACL-Al and ACL-B2 are co-expressed in E. coli. 
A spectrophotometric assay initially developed for characterization of the animal 
ACL (Takeda et al., 1969) was used for assay ACL enzymatic activity in E. coli extracts 
expressing ACL-A and ACL-B proteins. No ACL activity was detected in extracts 
expressing ACL-A, ACL-B or ACL-A +ACL-B. This result was obtained regardless of how 
these E. coli strains were grown. For example, E. coli cultures were grown at room 
temperature, 30°C, 37°C for 2 h, 4 h, and 18 h, respectively, and no ACL activity was 
detected. This maybe due to the fact that the eukaryotic Arabidopsis ACL may have 
difficulty to fold correctly in E. coli, therefore could not exert its catalytic effect. 
4.2 Co-expression of At. ACL-A and At. ACL-B in Saccharomyces cerevisiae 
Yeasts can be classified as oleaginous yeasts and non-oleaginous yeasts according to 
their abilities to accumulate lipids. It was found that the ability to accumulate lipids 
correlated with the existence of ACL activity in these yeasts. Searching sequence databases 
for orthologs of the ACL polypeptides found no identity in the entire genome of the yeast 
S. cerevisiae, which is consistent with the absence of ACL activity in this species (Kohlhaw 
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and Tan-Wilson, 1977). Thus S. cerevisiae is a good system to express Arabidopsis ACL-A 
and ACL-B polypeptides, and test whether they constitute ACL activity. Furthermore, 
because Arabidopsis and S. cerevisiae are both eukaryotes, using S. cerevisiae for this 
experiment may solve the problem of incorrect folding when these proteins were expressed 
in E.coli. 
To express At.ACL-A and At.ACL-B in S. cerevisiae, the full length cDNAs of ACL-
Al andACL-B2 were subcloned into yeast expression vector pYX042, pYX012 respectively 
(Fig. 6). Both of these two vectors contain the TPI promoter, and are integrative plasmids, 
and carry the LEU2 and URA3 marker genes, respectively. The recombinant plasmids were 
used to integrate the TPI~ACL-Al and TPI-ACL-B2 transgenes into the LEU2 and URA3 loci 
of S. cerevisiae strain aD273. To confirm that these transgenes were integrated into the yeast 
genome, EcoRI and Xhol were used to digest genomic DNA of S. cerevisiae strain aD273, 
and genomic DNAs of S. cerevisiae strain aD273 containing the TPI-ACL-Al and/or TPI-
ACL-B2 transgenes. Southern blot analysis identified a 1.5 kb band that hybridized to the 
ACL-Al cDNA in the strain carrying the TPI-ACL-Al transgene (Fig. 7 A); a 2.2 kb band that 
hybridized to the ACL-B2 cDNA was detected in the strain carrying the TPI-ACL-B2 
transgene (Fig. 7B). Both these 1.5 kb and 2.2 kb hybridizing bands were detected in the 
strain carrying the TPI-ACL-Al and TPI-ACL-B2 transgenes (Fig. 7C). In contrast, no 
hybridization was identified in S. cerevisiae strain aD273. These results clearly showed that 
At.ACL-Al and At.ACL-B2 cDNAs had been cloned into S. cerevisiae. 
Western blot analysis of extracts from these yeast strains with anti-At.ACL-A serum 
identified a 46 kDa polypeptide in strains carrying the TPI-ACL-Al or TPI-ACL-Al and TPI-
ACL-B2 transgenes (Fig. 8A). Parallel analysis with anti-At.ACL-B serum detected a 52 kDa 
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polypeptide in extracts of strains carrying TPI-ACL-B2 or TPI-ACL-Al and TPI-ACL-B2 
transgenes (Fig. SB). These results demonstrate that Arabidopsis ACL-Al and ACL-B2 are 
co-expressed in S. cerevisiae. 
ACL activity was assayed in collaboration with Beth Fatland (graduate student of Dr. 
Eve Syrkin Wurtele's laboratory, Dept. of Botany, ISU). A specific ACL activity of 0.775 
nmol / min / mg protein was detected in extract of S. cerevisiae strain aD273 carrying the 
TPI-ACL-Al and TPI-ACL-B2 transgenes. ACL activity of 0.077 nmol I min/ mg protein 
was detected in extract of S. cerevisiae strain aD273 carrying the TPI-ACL-Al transgene, 
and ACL activity of 0.079 nmol I min/ mg protein was detected in extract of S. cerevisiae 
strain aD273 carrying the TPI-ACL-B2 transgene. Only 0.017 nmol I min/ mg protein ACL 
activity was detected in the parental S. cerevisiae strain aD273 (Fig. 9). These results 
demonstrate that ACL-A and ACL-B constitute enzymatic Arabidopsis ATP citrate lyase. 
4.3 Western blot analysis of A CL polypeptides from Arabidopsis 
To identify the At.ACL-A and At.ACL-B protein products in plant, wild type 
Arabidopsis (Columbia ecotype) were grown 20 days, and the leaves were collected to 
extract proteins. The extracts were separated by SOS-PAGE and analyzed by western blots. 
With anti-At.ACL-A serum, a 46 kDa polypeptide was identified (Fig. lOA). The result was 
consistent with the prediction based on the sequence of the full length ACL-Al cDNA which 
is 1.5 kb and codes for a 423-residue polypeptide. Western blot analysis with anti-At.ACL-B 
serum identified a 52 kDa polypeptide (Fig. lOB). In SDS-PAGE, the ACL-B polypeptide 
ran aberrantly, and the result was not consistent with the prediction from ACL-B2 cDNA. 
To further confirm that At.ACL-A and At.ACL-B are subunits of ATP citrate lyase, 
the extracts were subjected to non-denaturing electrophoresis in gels composed of 2-15% 
24 
linear gradient of polyacrylamide. The ACL protein was then detected by western blot 
analysis with anti-At.ACL-A serum, anti-At.ACL-B serum respectively. A single complex 
was identified at the same position (Fig. 11). This indicates that Arabidopsis ACL-A and 
ACL-B polypeptides are in a complex. Based on the above results, we can conclude that 
At.ACL-A and At.ACL-B are different subunits of ATP citrate lyase. 
4.4 Identify A CL mutants in Arabidopsis 
About 66,000 T-DNA insertional Arabidopsis lines (Wisconsin Arabidopsis Facility, 
http://www.biotech.wisc.edu) were screened to identify ACL mutants. Using genomic DNA 
from pooled T-DNA insertional Arabidopsis lines as template, PCR was carried out with 
ACL gene specific primers (section 2.4 Primers) and a primer specific for the left border of 
the T-DNA (Fig. 12). The PCR products were then subjected to Southern blot analysis with 
ACL-A2, ACL-A3 or ACL-B2-specific probes. If a T-DNA insertion was present in an ACL 
gene, a hybridizing band would be detected in the Southern blot analyses. T-DNA insertional 
mutants were screened for ACL-A2, ACL-A3 and ACL-B2 genes. After three rounds of 
screening, one T-DNA insertional mutant was found in the ACL-A3 gene. Twenty five seeds 
from the pool of nine plants that contain the T-DNA insertional ACL-A3 allele were planted, 
and seven of them germinated. DNA was isolated from the cotyledon from each of these 
individual plants, and PCR was carried out with ACL-A3 forward primer (F14J9-FW) and the 
T-DNA left-border primer (JL202). This assay identified 2 plants that carried the T-DNA 
insertional ACL-A3 allele. These plants were called ACL-A3-L13 and ACL-A3-L14, and seeds 
were collected from each of them. To identify whether these plants were homozygous for the 
mutant allele, twenty five seeds from ACL-A3-L13 mutant plant were planted, and twelve of 
them germinated. DNA was isolated from the cotyledon from each of these individual plants. 
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Using these DNAs as template, PCR was carried out with two pairs of primers-F14J9-FW 
and JL202, F14J9-FW and F14J9-RV. If a plant is homozygous for the mutant T-DNA 
insertional ACL-A3 allele, a 0.8 kb band would be detected in the reaction with F14J9-FW 
and JL202 as primers, and no band would be detected in the reaction with F14J9-FW and 
F14J9-RV as primers, due to the presence of the T-DNA insertion. If on the other hand, the 
plant is heterozygous at the ACL-A3 locus, both of these PCR reactions would generate the 
appropriate products (i.e., the 0.8 kb F14J9-FW + JL202 product and the 4.3 kb F14J9-FW + 
F14J9-RV product). Finally, plants that are homozygous for the wild-type ACL-A3 allele 
would only produce the 4.3 kb F14J9-FW + F14J9-RV PCR product. Using these PCR-based 
assays, it was found that of the 12 progeny derived from plant ACL-A3-L13, 4 were 
homozygous for the T-DNA insertional mutant allele of ACL-A3 (Fig. 13), 2 were 
homozygous for wild-type ACL-A3 allele and 6 were heterozygous. These results are 
consistent with plant ACL-A3-L13 being heterozygous for the mutant ACL-A3 allele. 
Furthermore, these results identified four progeny plants that are homozygous for the T-DNA 
insertional ACL-A mutant allele, which are termed ACL-A3-L13-2, ACL-A3-L13-5, ACL-A3-
L13-7, ACL-A3-L13-l 1. 
Further confirmation of the homozygous genotype of one of these progeny plants was 
obtained by looking for ACL-A3-associated polymorphism between the mutant plant and its 
wild-type progenitor. Wild-type Arabidopsis (ecotype WS) genomic DNA and T-DNA 
insertional ACL-A3 genomic DNA from homozygous mutant plantACL-A3-L13-7 were 
digested with the restriction endonucleases Ajlll or Pstl. Southern blot analyses of these 
digests were probed with the promoter region of ACL-A3 gene (2.0 kb Smal-Xbal fragment). 
In the A.flll digests, two hybridizing bands were detected in each genotype: a 6 kb band that 
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was common to both wild type Arabidopsis and the ACL-A3-L13-7, and a 3 kb band which 
was in wild type plant but was polymorphic with a 4 kb hybridizing band which was 
identified in the ACL-A3-L13-7mutant plant. In the PstI digests, a single polymorphic 
hybridizing band was detected in these plants. In wild Arabidopsis, this hybridizing band was 
3 kb, whereas in the ACL-A3-L13-7mutant plant, it was more than 12 kb (Fig. 14). These 
results confirms that ACL-A3-L13-7 is homozygous for the T-DNA insertional ACL-A3 allele. 
To investigate the molecular structure of the T-DNA insertional ACL-A3 allele, the 
sequence of the 0.8 kb PCR product generated by the F14J9-FW and JL202 primers (Fig 
15B) was determined. Comparison of this sequence with the genomic sequence of the ACL-
A3 gene in the Arabidopsis genomic sequence identified the T-DNA insertion site at a 
position 162 nucleotides upstream of the "ATG" translational start codon of the gene. 
Furthermore, this insertion caused the deletion of 22-nucleotides at the insertion site (Fig 16). 
Second, using DNA from a homozygous mutant plant as template, PCR reaction was carried 
out with F14J9-RV and JL202 primers. This resulted in the production of a 3.5 kb DNA 
band (Fig. 15C). The sum of the size of this band and the one obtained with F14J9-FW + 
JL202 PCR reaction is the same as the size of PCR product obtained by using wild type 
Arabidopsis (ecotype WS) genomic DNA as template, but amplified with F14J9-FW + 
F14J9-RV primers, which is 4.3 kb (Fig. 15D). Whereas, no DNA band was detected from 
the PCR reaction carried out with T-DNA insertional ACL-A3 genomic DNA as template, 
F14J9-FW and F14J9-RV as primers (Fig. 15A). Thus, it appears that the ACL-A3 mutant 
allele contains a concatameric T-DNA insertion, with left border at each junction (Fig 16). 
To investigate if T-DNA insertional ACL-Al allele affects ACL expression, ACL 
activity assay and Western blot analysis was performed on extracts form Arabidopsis 
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seedlings germinated in soil for 15 days. ACL activity showed little difference between wild 
type Arabidopsis and T-DNA insertional ACL-A3 allele mutant plants (Fig. 17 A). Aliquots of 
extracts containing equal amounts of protein were fractionated by SDS-PAGE, followed by 
Western blot analysis with anti-ACL-A serum. The ACL-A level showed little difference 
between T-DNA insertional ACL-A3 homozygous Arabidopsis plants and wild type 
Arabidopsis plants (Fig. 17B). These results indicate that ACL-A3 gene may not play a 
predominant role in determining ACL level at this stage of the plant growth. 
4.5 Histochemical ACL-A2 :GUS and ACL-A3:GUS assays 
ACL-A2:GUS andACL-A3:GUS transgenic plants were made by Wei Huang (a 
research assistant in Nikolau's laboratory). For ACL-A2:GUS transgene, the promoter from 
between position -2000 to -1 relative to the "ATG" start codon was PCR amplified and 
cloned into the Sall and Xbal sites of pBil0l. For the ACL-A3:GUS transgene, the promoter 
from between position -2024 to -1 relative to the "ATG" start codon was PCR amplified and 
cloned into the Sall and Xbal sites of pBil0l.The resulting two constructs were used to 
generated Arabidopsis transgenic lines in the ecotype Columbia. 
Seeds from three different lines of each of these transgenic plants were germinated on 
MS agar media in Petri dishes. Nine days later, the seedlings were transferred to soil. 
Histochemical GUS assays of these transgenic plants were carried out at different stages of 
growth. The seedlings were stained at 2-days, 4-days, 9-days, and 15-days after imbibition, 
and the infloresence were stained when they were 8 cm in length. In general, the ACL-A2 
promoter-driven GUS expression was at higher levels than the ACL-A3 promoter-driven 
GUS expression. ACL-A3:GUS transgenic plants stained only at 4-days, 9-days and 15-days 
seedlings; there was no staining in 2-day seedlings, flowers, siliques, and leaves from mature 
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flowering plants (Fig. 18). In contrast, ACL-A2:GUS plants stained more intensely starting at 
4-days and throughout the development of the seedlings (Fig. 18). Most pronounced 
difference in the staining of these plants in comparison to the ACL-A3:GUS plants was in the 
floral tissue, where ACL-A2-driven GUS activity was constitutive in the tissue and was 
estimated to be over 20-fold more intense than the activity from the ACL-A3:GUS transgene. 
These results indicate that of the two paralogs, ACL-A3 and ACL-A2, the latter gene 
generated most of the ACL-A protein in the plant. This result is consistent with the lack of 
phenotype associated with the T-DNA insertional ACL-A3 allele. This is also consistent with 
the lack of difference in ACL activity or ACL-A accumulation associated with this mutation. 
4.6 Generation of antibodies for Schiwsaccharomyces pombe ACL-A and ACL-B 
The full length S. pombe ACL-A gene had previously been isolated. Full length S. 
pombe ACL-B cDNA (D89194) is a gift from Dr Sachiyo Yoshioka (Kyoto Research Park, 
Kyoto, Japan). To make antibodies for these two polypeptides, a partial S. pombe ACL-A 
gene (443-2033 nt) and a partial ACL-B cDNA were subcloned into the expression vector 
pET30a (Fig. 19). The recombinant plasmids were introduced into E.coli BL21(DE3). The 
cultures of E. coli BL2l(DE3) containing recombinant plasmids were induced with IPTG 
and extracts were separated by SDS-PAGE. The purified proteins were used to immunize 
rabbits and the antisera were generated. 
To test the quality of the antisera, S. pombe strain KGY 425 was grown at 30°C to late 
log phase, and extracts were separated by SDS-PAGE, and transferred to a nitrocellulose 
membrane. The blots were probed with the antisera against Sp.ACL-A or Sp.ACL-B, 
followed by 1251-Protein A. With anti-Sp.ACL-A serum, a 55 kDa polypeptide was detected 
(Fig. 20A). With anti-Sp.ACL-B serum, a 68 kDa polypeptide was identified (Fig. 20B). The 
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sizes of this immunologically detected polypeptides are consistent with the sequence of the 
Sp.ACL-A and Sp.ACL-B cDNAs. 
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Figure 3. Expression of full length cDNAs of At.A CL-Al and At.ACL-B2 
in E.coli. The ACL-Al cDNA was cloned into the expression vector pET30a. 
The ACL-B2 cDNA was cloned into the expression vector pETl 7b. E. coli 
strain BL2l(DE3) harboring these plasmids were grown for 4 hand then 
induced with 0.4 mM IPTG. Cells were collected 4 h later. Extracts of E.coli 
proteins were separated by SOS-PAGE and stained with Coomassie Brilliant Blue. 
(A) E.coli BL21(DE3) harboring no plasmid. 
(B) E.coli BL21(DE3) expressing ACL-Al cDNA. 
(C) E.coli BL21(DE3) expressing ACL-B2 cDNA. 
(D) E.coli BL21(DE3) co-expressing ACL-Al andACL-B2 cDNAs. 
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NdeIBsml EcoRI BamHI 
77promoter 
GACATATGGCAACGGGACAGCTTTTTTCTCGTACC 
Ndel 
Met Ala Thr Gly Gin Leu Phe Ser Arg Thr 
Figure 4. Schematic diagram of construct for expressing At.ACL-B2 gene in E. coli. 
A 2.2 kb EcoRI fragment from At.ACL-B2 full length cDNA clone was 
subcloned into pETl 7b vector. Then a 170-bp NdeI-BsmI PCR product spanning the 5' -end 
of the ACL-B2 sequence and containing an Ndel site at the ATG start codon 
replaced the 5' end of ACL-B2 cDNA. 
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Figure 5. Western blot analysis of expressed At.ACL protein in E. coli. Blots 
were probed with antiserum raised against At.ACL polypeptides, followed by 
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I-Protein A. 
(A) Blot was probed with anti-At.ACL-A serum. A 55 kDa polypeptide 
was identified in the extracts expressing the cDNAs of ACL-Al, ACL-Al and 
ACL-B2, respectively. 
(B) Blot was probed with anti-At.ACL-B serum. A 55 kDa polypeptide 
was identified in the culture expressing ACL-Al cDNA. A 52 kDa 
polypeptide was identified from the culture expressing ACL-B2 cDNA. 
Polypeptides with molecular mass of 55 kDa and 52 kDa were identified 
from the culture of co-expressing ACL-Al and ACL-B2 cDNAs. 
The reason that the ACL-B antiserum reacts with the ACL-A recombinant protein 
is because the ACL-B antiserum was generated against an S-tag, His-tag fused 
ACL-B protein. Thus, anti-At.ACL-B serum can detect any fusion proteins 
containing S-tag and His-tag, such as the ACL-A recombinant protein in this figure. 
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Figure 6. Schematic diagram of constructs for expressing At.ACL-Al 
and At.ACL-B2 in S. cerevisiae. 
(A) The 1.5 kb EcoRI-XhoI full length ACL-Al cDNA fragment was subcloned 
into yeast expression vector p YX042. 
(B) The 2.2 kb EcoRI full length ACL-B2 cDNA fragment was subcloned into yeast 
expression vector pYX012. 
TP I is the promoter of triosephosphate isomerase. 
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Figure 7. Identification of At.ACL genes integrated into S. cerevisiae genome. 
Genomic DNA isolated from S. cerevisiae strain aD273, aD273 carrying the TPI-ACL-Al 
or TPI-ACL-B2 transgenes were digested with EcoRI and Xhol. The digested DNAs 
were analyzed by Southern blot analysis using 32P-labelled ACL-Al cDNA or ACL-B2 
cDNA as a probe. 
A. A 1.5 kb hybridizing DNA band was detected in the strain containing the TPI-ACL-Al 
trans gene. 
B. A 2.2 kb hybridizing DNA band was detected in the strain containing the TPI-ACL-B2 
trans gene. 
C. Both 1.5 kb and 2.2 kb hybridizing DNA bands were detected in strain containing both 
the TPI-ACL-Al and TPI-ACL-B2 transgenes. 
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Figure 8. Western blot analysis of expressed At.ACL protein in S. cerevisiae. Blots were 
probed with antiserum raised against At.ACL polypeptides, followed by 1251-Protein A. 
A. Blot was probed with anti-At.ACL-A serum, which identified a 46 kDa polypeptide 
in extracts from strains carryint the TPI-ACL-Al, TPI-ACL-Al and TPI-ACL-B2 
transgenes, respectively. 
B. Blot was probed with anti-At.ACL-B serum, which identified a 52 kDa polypeptide 
in extracts from strains carrying the TPI-ACL-B2, TPI-ACL-Al and TPI-ACL-B2 
transgenes, respectively. 
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Figure 9. ACL activity assay in S. cerevisiae strain aD273 . 
1. S. cerevisiae strain aD273. 
2. S. cerevisiae strain aD273 carrying the TPI-ACL-Al transgene. 
3. S. cerevisiae strain aD273 carrying the TPI-ACL-B2 transgene. 
4. S. cerevisiae strain aD273 carrying the TPI-ACL-Al and TPI-ACL-B2 
trans genes. 
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Figure 10. Western blot analysis of At.ACL protein. 
B 
Protein extracts from Arabidopsis seedlings were separated by SDS-PAGE, 
and transferred to a nitrocellulose membrane. Blots were probed with 
antiserum raised against At.ACL polypeptides, followed by 1251-Protein A. 
A. anti-At.ACL-A serum as probe. 
B. anti-At.ACL-B serum as probe. 
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Figurell. Western blot analysis of At.ACL protein. 
Protein extracts were separated by non-denaturing polyacrylamide gel 
electrophoresis, and transferred to nitrocellulose membrane. The blots were 
probed with anti-At.ACL-A serum, anti-At.ACL-B serum respectively, 
followed by 125 I-Protein A. Both anti-ACL-A serum and anti-ACL-B 
serum identified a single protein band at the same position. 
(A) anti-At. ACL-A serum as probe. 
(B) anti-At. ACL-B serum as probe. 
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At.ACL-A3 
F14J9-FW ( -943--915) _____,. 
At.ACL-B2 
ATG(l) 
K7J8-FW 
(-1046--1018) 
! 
5'-UTR 
39 
ATG(l) 
i 
ATG(l) 
Figure 12. Arabidopsis ACL gene structures. 
TAA(4318) 
i 
F8A5-FW( 4880-4908) .,__ 
TAA(2841) 
t 
F14J9-RV (3308-3337) .,__ 
TAA(5352) 
K7J8-RV 
(5667-5695) 
3'-UTR 
The physical map of the ACL genes is presented. Black boxes represent the exons. 
Introns are indicated by the solid black lines. Positions of the translational start 
condon (ATG) and stop codon (TAA) are indicated. The names and positions of 
ACL gene specific primers used to screen T-DNA insertional populations are also indicated. 
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Figure 13. Identification of homozygous plants for a T-DNA insertional allele of the 
ACL-Al gene by PCR. 
Using DNA from the plant that carries the T-DNA insertional ACL-A3 allele as template, 
0.8 kb PCR products were detected in reactions!, 3, 5, 7, which use F14J9-FW and JL202 
as primers; whereas no PCR product was detected in reactions 2, 4, 6, 8, which use 
F14J9-FW and F14J9-RV as primers. The nucleotide sequence of these PCR products 
was determined and shown to be identical with the sequence of the At.ACL-A3 gene. 
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Figure 14. DNA samples from wild type Arabidopsis (ecotype WS) and T-DNA insertional 
ACL-A3 plants were digested with AjlII or Pstl, and analyzed by Southern blot analysis 
using a 32P-labelled ACL-Al promoter region ( 2.0 kb SmaI-XhoI fragment) as a probe. 
A. wild type Arabidopsis genomic DNA was digested with AjlII. 
B. T-DNA insertional ACL-A3 genomic DNA was digested with AjlII. 
C. wild type Arabidopsis genomic DNA was digested with Pstl. 
D. T-DNA insertional ACL-A3 genomic DNA was digested with Pstl. 
4.0kb 
3.0kb 
2.0kb 
1.0kb 
0.5 kb 
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42 
B C D 
Figure 15. Identification of a T-DNA insertion into the At.ACL-A3 gene by PCR. 
A. No PCR product was identified from genomic DNA isolated from an individual 
T-DNA insertional ACL-A3 allele, with the ACL-A3 specific primers, F14J9-FW 
and F14J9-RV. 
B. 0.8 kb PCR product was amplified from genomic DNA isolated from an 
individual T-DNA insertional ACL-A3 allele, with the ACL-A3 specific primer, 
F14J9-FW and the T-DNA left border primer, JL202. 
C. 3.5 kb PCR product was amplified from genomic DNA isolated from an 
individual T-DNA insertional ACL~A3 allele, with the ACL-A3 specific primer, 
F14J9-RV and the T-DNA left border primer, JL202. 
D. 4.3 kb PCR product was amplified from genomic DNA isolated from an 
individual wildtype Arabidopsis (ecotype WS), using F14J9-FW and F14J9-RV 
as pnmers. 
JL202 
F14J9-FW ( -943--915) _.... 
JL202 
/~ 
43 
ACLB-T7-D -
(-161) TCCCGCCGAGTCGGCGTCATCG (-139) 
Deleted Region 
TAA(2841) 
F14J9-RV (3308-3337) 
-+--
Figure 16. Schematic representation of the structure of T-DNA insertional allele of 
At.ACL-A3 gene. 
The physical map of ACL-A3 gene is presented. Black boxes represent the 12 exons, 
and intrans are indicated by the solid black lines. Positions of the translational start 
condon (ATG) and stop codon (TAA) are indicated. The mutant allele contains a 
concatameric T-DNA insertions 161-nt upstream of start condon with JL202 at each 
junction. The 22 nt of the ACL-A3 sequence missing from the mutant allele is shown 
below the site of insertion. Primers specific for the ACL-A3 gene (F14J9-FW, 
F14J9-RV and ACL-BT7-D) or T-DNA left border (JL202) are indicated by arrows. 
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Figure 17. Effect of T-DNA insertion on the expression of At.ACL-A. 
A. Activity assay of Protein extracts from wild type Arabidopsis (ecotype WS) and T-DNA 
tagged ACL-A3 homozygous mutant plants. 
B. Western blot analysis of protein extracts from wild type Arabidopsis (ecotype WS) and T-
DNA tagged ACL-A3 homozygous mutant plants. Equal amounts of protein were fractionated 
by SDS-PAGE, and transferred to a nitrocellulose membrane. The blot was probed with anti-
ACL-A-antiserum, followed by 1251-Protein A. The ACL level of two Arabidopsis plants is 
the same. 
1. extracts from wild type Arabidopsis. 
2. extracts from ACL-A3-L13-7 
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Figure 18. Histochemical assays of ACL-A2:GUS andACL-AJ:GUStransgenic Arabidopsis 
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EcoRI Xhol EcoRI 
77promoter 
GCTQAAIICGCCTATTGGTTGAACAGATCGCC CGCQAAIICGTCGCCAAGAATCAGGCTATGAG 
EcoRI EcoRI 
Ala Glu Phe Ala Tyr Trp Leu Asn Arg Ser pro Arg Glu Phe Val Ala Lys Asn Gln Ala Met Arg 
Figure 19. Schematic diagram of the pET30-deri ved construct for expressing partial 
Sp.ACL-A gene and full length Sp.ACL-B cDNA in E. coli. 
A. A 1.6 kb EcoRI-Xhol fragment from Sp.ACL-A gene was subcloned into pET30a 
vector. 
B. A 1.2 kb EcoRI-Notl fragment form Sp.ACL-B cDNA was subcloned into pET30a 
vector. 
lOOkDa-
75 kDa-
50kDa-
37kDa-
25kDa_ 
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Figure 20. Western blot analysis of S. pombe ACL polypeptides. 
Protein extracts from S. pombe KGY425 were separated by SDS-PAGE, 
and transferred to a nitrocellulose membrane. Blots were probed by 
1251 p . A - rotem . 
A. anti-Sp.ACL-A as probe. 
B. anti-Sp.ACL-B as probe. 
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CHAPTER 5 CONCLUSIONS 
Comprehensive studies of Arabidopsis ATP citrate lyase have attempted to prove the 
hypothesis that the proteins encoded by cDNAs of At.ACL-Al and At.ACL-B2 are different 
subunits of ATP citrate lyase. The full length Arabidopsis ACL-Al and ACL-B2 cDNAs were 
expressed in E. coli and the resulting recombinant proteins were used to generate protein-
specific antisera. Western blot analysis of Arabidopsis extracts, probed with anti-At.ACL-A 
serum identified a 46 kDa protein. This result is consistent with the prediction based on the 
ACL-Al sequence which codes for a 423-residue polypeptide. In parallel experiment with 
anti-At.ACL-B serum identified a 52 kDa protein. In SDS-PAGE, ACL-B polypeptide ran 
aberrantly, and the result was not consistent with the prediction from ACL-B2 sequence. 
To demonstrate that Arabidopsis ACL-A and ACL-B are subunits of ATP citrate lyase, Full 
length ACL-Al and ACL-B2 cDNAs were co-expressed in S. cerevisiae strain aD273. ACL 
activity (0.775 nmol /min/ mg protein) was detected in extract of S. cerevisiae strain aD273 
expressing both of these proteins. However little activity was detected in extracts of its 
parental S. cerevisiae strain aD273, and in this strain expressing only these proteins 
individually. These results demonstrate, for the first time, that ACL-A and ACL-B constitute 
the Arabidopsis ATP citrate lyase. 
Western blot analysis of Arabidopsis extracts subjected to non-denaturing 
electrophoresis, probed with anti-At.ACL-A serum, identified a single complex. This same 
complex was also detected with anti-At.ACL-B serum. This demonstrates, these two proteins 
are in a complex. 
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A homozygous Arabidopsis line containing T-DNA insertional mutation in ACL-A3 
gene was isolated. Western blot analysis of extracts from Arabidopsis seedlings germinated 
for 15 days showed little difference, in terms of ACL level, between wild type and T-DNA 
insertional ACL-A3 Arabidopsis plants. ACL activity also showed little difference between 
wild type Arabidopsis plants and T-DNA insertional ACL-A3 mutant plants. These results 
indicated that ACL-A3 gene does not play a predominant role in determining ACL level at 
this stage of plant growth. Further biochemical and morphological characterizations of this 
mutation will be helpful in determining the biological function of ACL in plants. 
Histochemical GUS assays of ACL-A2:GUS and ACL-A3:GUS transgenic plants 
showed that ACL-A2 was expressed throughout seedlings, mature flowering leaves, flowers, 
siliques, whereas ACL-A3 was expressed only in seedlings. 
Schizasaccharomyces pombe partial ACL-A gene and partial ACL-B cDNA have been 
expressed in E. coli. The expressed proteins have been purified and used to immunize 
rabbits, and antisera were generated against each protein. These antisera will provide a useful 
tool in future characterization of the S. pombe ATP citra~e lyase. 
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